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Fine-tuning of Hybrid Ultramicroporous Materials (HUMs) can 
significantly impact their gas sorption performance. This 
study reveals that offset interpenetration can be antagonistic 
with respect to C2H2 separation from C2H2/C2H4 gas mixtures. 
An estimated 10–15% of global energy is consumed by energy-
intensive commodity purification processes such as cryogenic 
separation processes, chemisorption and distillation.1-3 
Ethylene (C2H4) is of particular relevance in this context 
because it is the largest industrially produced organic 
compound with a worldwide production of >150 M tons/year 
in 2016.4-6 Trace acetylene (C2H2) impurities (ca. 1%) must be 
reduced to < 40 ppm to preclude catalyst poisoning in the 
polymerisation reaction during subsequent polyethylene 
production.6 Current purification technologies use Pd-catalysts 
for partial hydrogenation of C2H2 or solvent extraction using 
large volumes of DMF or acetone.7, 8  
Physisorptive separation of C2H2/C2H4 mixtures to produce 
polymer-grade C2H4 (<40 ppm C2H2) can offer a significantly 
reduced energy footprint. However, physisorptive purification 
of C2H4 is challenging due to the similar kinetic diameters (ca. 
0.6 Å difference) and boiling points of C2H2 and C2H4.
6 Hybrid 
Ultramicroporous Materials (HUMs)9 are a class of materials 
constructed from organic and inorganic linker ligands that 
offer great promise to address this and other difficult trace 
separations including CO2/N2,
10 C2H2/C2H4,
11 C2H2/CO2
12, 13 and 
C3H6/C3H8.
14 An attractive feature of HUMs is that they are 
amenable to custom-design from crystal engineering15-18 
principles, which enable the building of libraries of related 
compounds. For example, variation of organic linkers, metal 
ions, inorganic anions and/or network interpenetration 
enables exquisite control over pore size and chemistry.19-24 It is 
in this manner that the combination of ultramicropores (< 7 Å) 
and strong electrostatics has enabled HUMs to exhibit new 
selectivity benchmarks for the aforementioned industrially 
important gas separations.   
SIFSIX-2-Cu-i, the prototypal interpenetrated HUM, exhibits 
separation performance for C2H2/C2H4 mixtures with a 
C2H2/C2H4 selectivity (SAE) more than twice that of the previous 
benchmark physisorbents.11 Herein, we examine the effect of 
organic linker and hexafluorometalate (MF6
2-) pillar 
substitution on the C2H2/C2H4 separation properties of related 
materials, TIFSIX-2-Cu-i12 and a new variant, TIFSIX-4-Cu-i (4 = 
1,4-bis(4-pyridyl)benzene, bpb) through a suite of experiments 
involving: (i) pure gas sorption; (ii) dynamic mixed gas 
breakthrough; (iii) accelerated-stability testing; (iv) in-situ 
synchrotron characterisation. 
TIFSIX-2-Cu-i, which is isostructural with SIFSIX-2-Cu-i, was 
synthesised according to previously reported procedures.12 
Experimental powder X-ray diffraction (PXRD) patterns 
validate bulk purity (see Supporting Information, ESI†). Room 
temperature diffusion of a methanol solution of 425 into an 
ethylene glycol/H2O solution of copper nitrate trihydrate and 
[NH4]2[TiF6] afforded violet needles of TIFSIX-4-Cu-i, an 
interpenetrated variant of the previously reported compound 
SIFSIX-4-Zn,26 after 2 weeks.  
We recently reported that SIFSIX-2-Cu-i derives its affinity 
for C2H2 from its inorganic pore walls that exhibit F∙∙∙F 
distances suitable to strongly bind C2H2 (7.48 Å);
11 F∙∙∙F 
distances herein are the shortest diagonal distance between F 
atoms within a pore. TIFSIX-2-Cu-i is isostructural to SIFSIX-2-
Cu-i, exhibits a centered mode of interpenetration (Figure 1),23 
slightly larger unit cell parameters than SIFSIX-2-Cu-i (Cu-
linker-Cu distances of 13.6955(5) Å and 13.6490(11) Å, Cu-
pillar-Cu distances of 8.1724(4) Å and 8.0920(6) Å, 
respectively) but similar F∙∙∙F distances (7.52 Å). Both the as-
synthesised and activated forms of TIFSIX-4-Cu-i were 
structurally characterized (Figure S2). The as-synthesised form, 
TIFSIX-4-Cu-i-α, exists as a centred 2-fold interpenetrated pcu 
network (Figure S2). The crystal structure of the activated 
form, TIFSIX-4-Cu-i-β, was determined in vacuo from 
synchrotron PXRD data and is a 2-fold interpenetrated pcu 
Page 1 of 5 ChemComm
C
he
m
C
om
m
A
cc
ep
te
d
M
an
us
cr
ip
t
P
ub
li
sh
ed
 o
n 
03
 O
ct
ob
er
 2
01
7.
 
. 
View Article Online
DOI: 10.1039/C7CC05882A
COMMUNICATION Journal Name 
2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 
Please do not adjust margins 
Please do not adjust margins 
network but with a very different structure than that of the as-
synthesised form as the independent networks are offset 
(Figure S2). The offsetting of networks affords two types of 
accessible pores with F∙∙∙F distances of 9.6 Å and 11.5 Å as well 
as an inaccessible channel.   
N2 sorption experiments at 77 K were conducted to establish 
porosity and Brunauer-Emmett-Teller surface area (SBET) of the 
three HUMs. SBET values are listed in Table 1 and those for 
SIFSIX-2-Cu-i and TIFSIX-2-Cu-i are consistent with previously 
published data.12 Single-component sorption isotherms were 
collected for C2H2 and C2H4 at 273 and 298 K. Type I isotherms 
were observed except for TIFSIX-4-Cu-i, which exhibits an 
inflection in its C2H2 isotherms (Figure 2A). The point of 
inflection shifts towards lower pressure at lower temperatures 
(Figure 2C). The observed shift in the inflection can be 
attributed to a reduction in the gas saturation pressure at 
lower temperatures. To gain insight into the cause of the 
inflection in TIFSIX-4-Cu-i, in-situ synchrotron PXRD data 
(Figure S6) was collected at different loadings of C2H2 (0.4 and 
1 bar) and temperatures (195 K and 298 K). A comparison of 
PXRD patterns in vacuo with those of C2H2 loaded samples 
reveals no apparent difference, which indicates structural 
rigidity during gas adsorption (Figure S6). The inflection can 
therefore be attributed to two types of pore channels and two 
types of unique C2H2 binding sites that are filled sequentially 
during gas adsorption. Whereas inflections are a characteristic 
feature of flexible networks,27 and have been seen in rigid 
frameworks with different pores,28, 29,30 to our knowledge this 
phenomenon has not yet been reported in rigid 
interpenetrated porous materials. Whereas hysteresis is 
relatively common in mesoporous materials, precedent exists 
for hysteresis in narrow pore rigid materials.30 
At 0.01 bar (Figure 2B and Table 1) and 298 K, TIFSIX-2-Cu-i 
displays higher C2H2 uptake (1.7 mmol/g) than TIFSIX-4-Cu-i 
(0.45 mmol/g) and SIFSIX-2-Cu-i (1.5 mmol/g) and is the new 
benchmark under these conditions. We attribute the superior 
C2H2 adsorption of TIFSIX-2-Cu-i compared to SIFSIX-2-Cu-i to 
enhanced electrostatic interactions between TiF6
2- and C2H2. 
Previous studies have indicated that TiF6
2– pillars exhibit 
greater electrostatic interactions with C2H2 or CO2 molecules 
than SiF6
2– pillars.12,22,31 Electronic structure calculations on 
SIFSIX-2-Cu-i and TIFSIX-2-Cu-i indicate that the magnitude of 
the partial negative charge for the equatorial F atoms is 
greater in TIFSIX-Cu-i (see ESI, Table S6). C2H2/C2H4 separation 
selectivity (SAE) was determined using ideal adsorbed solution 
theory (IAST) calculations30 to address gas mixture (1/99) 
Table 1. Summary of structural information and sorption data. 
HUM ρ (g/cm
3
)
a
 
SBET 
(m
2
/g) 
Qst (kJ/mol)
b
 
Uptake at 0.01 
bar, 298 K 
(mmol/g)
c
 
Uptake at 1 bar, 298 K 
(mmol/g) 
SAE 
(C2H2:C2H4 
= 1:99)
d
 
C2H2 Dynamic 
Breakthrough 
Results 
C
2 H
2  
C
2 H
4  
C
2 H
2  
C
2 H
4  
C
2 H
2  
C
2 H
4  
1
 b
a
r 
T
im
e
 
(m
in
/g
)
e 
U
p
ta
k
e
 
(m
m
o
l/g
) 
SIFSIX-2-Cu-i 1.247 735f 52.7 35.0 1.5 0.07 3.8 2.1 55 170.2 0.76 
TIFSIX-2-Cu-i 1.269 685f 46.3 35.9 1.7 0.1 4.1 2.5 55 185.9 0.83 
TIFSIX-4-Cu-i 
α = 1.202g 
β = 1.265g 
542f 40.8 29.4 0.45 0.07 4.3 1.5 11 154.6 0.69 
a: as calculated for empty network; b: calculated from virial and Clausius–Clapeyron equation (kJ/mol) at low loading; c: gravimetric 
uptake (mmol/g at 298 K and 0.01 bar) determined through linear fitting in the corresponding region; d: selectivity calculated from 
IAST at 298 K; e: time at which outlet concentration exceeds 40 ppm; f: as calculated from 77 K N2 adsorption data; g: TIFSIX-4-Cu-α = 
as-synthesised material, TIFSIX-4-Cu-β = material activated for 12 h under vacuum at 343 K. 
 
Figure 1. Crystal structures of as-synthesised SIFSIX-2-Cu-i (left), as-synthesised TIFSIX-2-Cu-i (middle) and activated TIFSIX-4-Cu-i (right). 
One interpenetrated pcu network is presented in grey, red and blue for SIFSIX-2-Cu-i, TIFSIX-2-Cu-i and TIFSIX-4-Cu-i, respectively. 
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separations. TIFSIX-2-Cu-i exhibits the same SAE (55) at 1 bar as 
that of the current benchmark SIFSIX-2-Cu-i (Figure S28 and 
Table 1). While there is an increase in the overall C2H2 uptake 
for TIFSIX-2-Cu-i compared to SIFSIX-2-Cu-i, it is balanced by 
increased C2H4 uptake. TIFSIX-4-Cu-i exhibits a lower SAE value 
of 11, reflecting its weaker binding sites.   
It is apparent from these results that changes in pore size 
and pore chemistry in these three materials impact the C2H2 
and C2H4 adsorption uptake and selectivity for C2H2/C2H4: 
offset interpenetration and a longer linker in TIFSIX-4-Cu-i 
leads to two weaker C2H2 binding sites (Figure S30); 
substitution of the inorganic pillar (TiF6
2- for SiF6
2-) imparts 
improved electrostatics22,31 and enhanced C2H2 uptake in 
TIFSIX-2-Cu-i.  
The separation performance of the three HUMs was 
examined using dynamic gas breakthrough experiments. 
Activated samples (ca. 250 mg) were exposed to 10 mL/min 
flow of a 1:99 C2H2/C2H4 gas mixture at 298 K. The C2H2 uptake 
from this C2H2/C2H4 mixture for SIFSIX-2-Cu-i was found to be 
in good agreement with our earlier study (Figure 2E).11 TIFSIX-
2-Cu-i, SIFSIX-2-Cu-i and TIFSIX-4-Cu-i were found to adsorb 
0.83, 0.76 and 0.71 mmol/g of C2H2, respectively, before the 
C2H2 outlet concentrations exceeded a 40 ppm threshold in the 
1/99 gas mixture. Pillar substitution (TiF6
2- and SiF6
2-) was 
found to improve C2H2/C2H4 breakthrough performance 
compared the current benchmark material, SIFSIX-2-Cu-i. The 
less efficient performance of TIFSIX-4-Cu-i highlights the 
importance of uniform pores and binding sites for gas 
separations. The offset interpenetration in TIFSIX-4-Cu-i 
affords two C2H2 binding sites (Figure 1). The reduction in 
breakthrough time and outlet C2H4 purity observed for TIFSIX-
4-Cu-i may be a result of saturation of the preferential binding 
sites in the tighter pore channels, at which point the weaker 
secondary binding sites are filled before breakthrough occurs.  
The recyclability and stability of the three HUMs was also 
studied.  Recyclability was addressed by exposing sorbents to 
five consecutive breakthrough/regeneration cycles (Figure 
S16) at 323 K in a flow of He gas. SIFSIX-2-Cu-i, TIFSIX-2-Cu-i 
and TIFSIX-4-Cu-i were exhibited no appreciable loss in 
sorption performance. Stability of physisorbent materials 
under humid conditions is crucial for most industrial 
applications33 and we recently introduced an accelerated 
stability protocol to evaluate the performance of physisorbent 
materials upon exposure to water vapor similar to that used in 
the pharmaceutical industry.34,35 HUM samples were exposed 
to elevated humidity and temperature (75% relative humidity 
at 313 K) for 1, 7, and 14 d. PXRD data and 77 K N2 isotherms 
(SBET) were then collected for these humidity exposed samples 
to assess the extent of loss of structural integrity and surface 
area. The results reveal that SIFSIX-2-Cu-i and TIFSIX-2-Cu-i 
were unaffected by exposure to humidity at 40 °C, consistent 
with our previous reports (Figure S19).11,12 In the case of 
TIFSIX-4-Cu-i, PXRD data revealed a phase transformation from 
the offset form to the centred form upon exposure to humidity 
after 1 d (Figure S18). However, activated TIFSIX-4-Cu-i could 
be readily regenerated by washing with MeOH followed by 
degassing at 343 K for 24 h and there was negligible loss of 
surface area (Figure S20).  
 
Figure 2. (A) Low pressure (0-1 Bar) adsorption isotherms for C
2
H
2 
(circles) and C
2
H
4
 (triangles). (B) Low pressure (0-10 kPa) adsorption 
isotherms for C
2
H
2 
(Circles) and C
2
H
4
 (Triangles). (C) C2H2 and C2H4 sorption data (solid symbols: adsorption; empty symbols: desorption) 
of TIFSIX-4-Cu-i at 273 K (Green) and 298 K (Blue). (D) Comparison of the IAST selectivity vs. 0.01 bar C
2
H
2
 uptake of MFSIX-L-Cu-i vs. 
reported benchmark materials for C
2
H
2
/C
2
H
4
 mixtures. (E) Comparison of C
2
H
2
/C
2
H
4
 (1/99) breakthrough results. (F) Concentration of 
C
2
H
2
 in outlet gas stream until breakthrough occurs. 
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Conclusions 
The primary conclusions from this study come from our 
understanding of the following: the reduced performance of 
TIFSIX-4-Cu-i vs. SIFSIX-2-Cu-i and TIFSIX-2-Cu-i with respect to 
removal of C2H2 from C2H4; the unusual inflection in the gas 
adsorption of TIFSIX-4-Cu-I; the importance of uniform binding 
sites. These findings further highlight how subtle pore 
chemistry and pore geometry changes can be used to further 
our understanding of structure-property relationships in 
ultramicroporous materials such as HUMs.  
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